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Abstract 
The growing use of fiber reinforced plastics in injection molding greatly reduces the lifetime of components in dies and molds. In 
this research, injection nozzles are machined within one set-up, combining machining and selective laser hardening operation. 
This allows the machining and hardening of die and mold components in one single setup. A thermal model is developed and 
experimentally validated in order to be able to select optimal hardening parameters and strategy. Hardness values exceeding 
conventional hardening techniques on tool steel are presented, aiming for a prolonged lifetime of dies and molds.  
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1. Introduction 
In various industries like electronics, automotive and 
other consumer products markets the use of fiber reinforced 
polymers is increasing rapidly. These products are 
manufactured in large quantities, using plastic injection 
molding, with stringent accuracy and surface quality 
demands. Adding fillers, such as carbon and glass fibers to 
the polymer matrix strongly improves the mechanical 
properties of these composites. However, adding these 
fibers has a negative impact on the production cost of these 
components. The fibers have an abrasive effect and cause 
faster deterioration of the used dies and/or molds during the 
manufacturing process. The most important wear effect is 
caused by the hard particle abrasion through cutting and 
ploughing due to the fiber endings, tracing wear scars in the 
mold surface. The size of the damage caused by the 
indentation of the fibers into the tool steel (imprint size), 
decreases with increasing yield limit, or hardness of the tool 
steel. The force necessary to cause a certain imprint can be 
estimated from: ܨே ؆ ܪǤܣwith A the contact area of the 
fiber and H the hardness according to Vickers [1]. In order 
to minimize wear, both hardening of the tool steel and 
surface treatments such as PVD coatings can be applied. A 
test simulating abrasive wear in injection molding of fiber 
reinforced polymers [2] applied to a tool steel (P20; 0.4%C, 
1.5%Mn, 1.95%Cr, 0.4%Mo) shows that laser hardening is 
an adequate strategy in prolonging the tool lifetime. 
However the sample was only hardened up to 447 Vickers 
hardness (HV100), it outperformed chrome plating and 
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WC/Co coating. The more brittle hard coatings are easier to 
fracture and create hard debris which can do additional 
severe abrasive damage to the surface.  
In previous research an integrated laser hardening setup 
was developed by the authors [3]. This setup allows to do 
soft machining, hardening and, if required, hard finishing 
within one machine set-up. Unclamping the die/mold, 
logistics back and forth to the hardening facility, re-
clamping and alignment are no longer needed. A proof of 
concept was performed on a low alloyed carbon steel (C45 
steel 0.43%C, 0.4%Si, 0.5%Mn, 0.4%Ni, 0.4%Cr, 
0.1%Mo).  
In this paper the developed thermal model is described, 
which is experimentally validated for flat samples. 
Afterwards, the thermal model and experimental results for 
inclined samples at 40° inclination are correlated in order to 
assess the correct absorptivity. In the final step, the updated 
thermal model is used to search the optimal hardening 
strategy and parameters for hardening an injection nozzle of 
Ø1 mm and with an average slope of 40°. The paper 
concludes with an experimental validation on such injection 
nozzles.  
2. Integrated laser hardening of an injection nozzle 
2.1. Introduction 
The zones of dies and molds most susceptible to rapid 
wear are of great interest for laser hardening applications. In 
this paper the research is focused on the wear sensitive 
injection nozzle, illustrated in Fig. 1. The Ø1 mm nozzle, 
made out of Uddeholm Unimax steel, a highly alloyed tool 
steel (0.5%C, 0.2%Si, 0.5%Mn, 5.0%Cr, 2.3%Mo, 0.5%V), 
often needs replacing. If this wear sensitive zone could be 
laser hardened on this setup, it would increase the lifetime 
of the nozzle and therefore of die and mold in general, 
without drastically raising the lead time which is prone to 
conventional hardening processes. 
2.2. Thermal model 
In order to assess the correct parameters for the laser 
hardening process (laser power, spot size and feed rate) of 
this Unimax steel, a thermal model is developed. 
Fig. 1 Nozzle including most fragile zone 
The laser spot is characterized using a Primes Focus 
monitor. Since the spot shape, as illustrated below, is not 
too different from a top-hat profile, the heat input into the 
materials is simulated as a moving top-hat heat input. 
Measured beam profile as well as the approximation in the 
thermal model are illustrated in Fig. 2. The first law of 
thermodynamics rewritten in the form as below (1) is 
solved, using temperature dependent material properties 
(conductivity, specific heat capacity). The thermal model is 
implemented in COMSOL Multiphysics simulation 
software. 
Uܥ௣ w்w௧ ൅ Uܥ௣ݑܶ ൌ ݇ܶ ൅ ܳ (1) 
Fig. 2 a Measured beam profile; b Power density of a simulated top-hat 
The temperature dependent material properties have been 
calculated using JMatPro, a material properties simulation 
package, for this type of steel. The total inward heat flux of 
the moving top-hat spot is 450W (500W Nd:Yag laser, 
some losses in fiber and optics). The absorptivity of this 
material, inclination 0°, with a graphite spray-coating is 
80%. This model is applied on a Unimax sample of 8 mm 
thickness, calculated for 3 different feed rates and 4 
different spot sizes as listed in Table 1. 
Table 1: Experimental tests on flat 8 mm Unimax samples 
 Speed  
Spot size 100 mm/min 150 mm/min 400 mm/min 
2164 µm 1 5 9 
2169 µm 2 6 10 
2288 µm 3 7 11 
2412 µm 4 8 12 
Fig. 3 Temperature as a function of time at different speeds and spot sizes 
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Fig. 3 illustrates the simulated temperature at a fixed 
position, in function of time (temperature probe). 
Additionally, 3 regions have been marked: a zone (red) 
where the maximum temperature exceeds the melting 
temperature (about 1700 K). The blue zone has a maximum 
temperature below the austenization temperature. Remark 
the fact that this temperature depends on the heating rate, 
since for high heating rates the transformation temperatures 
are shifted upwards [4]. This elevated austenization 
temperature has previously been deducted experimentally. 
The zone in between (green) has maximum temperatures 
between the melting temperature and the austenization 
temperature. 
2.3. Experimental validation 
A full factorial design was conducted, using the same 
parameters as in Table 1, and for each parameter 
combination 3 replicates were performed. Fig. 4 shows the 
Vickers hardness values, measured 90 µm below the surface 
using a 100 g mass load. A feed rate of 400 mm/min and 
largest spot size results in almost no hardening at all, since 
the hardness does not exceed the hardness of the base 
material (around 200 HV100). This is in agreement with the 
simulation which suggested the temperature never exceeds 
the austenization temperature, which makes formation of the 
austenitic structure (FCC) impossible [5]. A feed rate of 100 
mm/min and smallest spot size, results in a high hardness 
value, as expected. However, the surface reveals molten 
material, which was also to be expected based on the 
simulation since exceeding of the melting temperature is 
predicted by the simulation. The depth of the hardened zone 
is defined in Fig. 5 as to which depth the hardness exceeds 
500 HV100. Fig. 6 shows a cross section of a hardened 
zone. The heat affected zone can be clearly distinguished 
compared to the pearlitic and ferritic zone. 
Fig. 4 Vickers hardness 90 µm below the surface 
The experimental results on a flat 8 mm thick Unimax 
sample are in good agreement with the thermal model: the 3 
zones defined in Fig. 3 (red: melt, green: optimal 
temperature zone, blue: below austenization) are clearly 
notable in the experimental results.  
 
Fig. 5 Depth of hardening below the surface 
Fig. 6 Microscopic view of different grain structures 
2.4. Inclined surfaces 
The 80% absorption of the laser energy into a sample, 
perpendicular to the incident laser beam, graphite coated, is 
known from previous research [3]. However, the area 
around the nozzle cannot be reached using a 0° incidence 
angle, but rather 40°. This has two effects: there will be 
more reflectivity and the spot will no longer be a circle but 
will become an ellipse. 
Table 2: Experimental tests on 40° inclined 2 mm Unimax samples 
Speed Number of repetitions 
50 mm/min 3 x 
75 mm/min 3 x 
100 mm/min 3 x 
125 mm/min 3 x 
150 mm/min 3 x 
Fig. 7 Thermal model applied on nozzle shape and laser track on the 
surface of a nozzle 
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Therefore, experiments have been performed in order to 
assess the correct absorptivity for this angle of incidence. A 
sample of thickness 2 mm, inclined at 40° has been tested 
with 5 different feed rates, with a fixed spot size (2164 µm). 
Every test is repeated 3 times, as listed in Table 2. Through 
correlation between the experimental and simulation results, 
taking into account the elliptical spot, the correct 
absorptivity is defined. An absorptivity of 67.5% for an 
inclined surface at 40°, coated with graphite coating results 
from this correlation.  
2.5. Laser hardening of injection molding nozzle 
A simplified model of the nozzle shape is illustrated in 
Fig. 7. The thermal model (taking into account the effect of 
inclined surfaces) is used to define optimal hardening 
parameters and strategy for this nozzle shape. 
Fig. 8 Sectional view of a nozzle after hardening 
The best strategy, after comparing different strategies 
(circular, spiral, zig-zag,…), according to the simulations is 
a circular “toolpath” as illustrated in Fig. 7. The laser is 
activated at the starting point, then follows the toolpath and 
is successively deactivated at the end point. 
Fig. 9 Vickers hardness at the start and in the middle of a track for 
different feed rates 
For the experimental validation, the spot size was kept 
fixed at 2288 µm diameter, 6 different feed rates were 
tested (50, 75, 100, 125, 150, 175 [mm/min]). Fig. 8 
illustrates a cross section of a laser hardened injection 
nozzle (50 mm/min). The zone which is brighter in color is 
the hardened zone, compared to the darker zone which is 
not affected. The indentations made for the hardness testing 
are visible. This 50 mm/min sample also shows some 
rounding at the edge, caused by melt. This sample with the 
slowest feed rate is the only sample which showed this melt 
zone. When comparing the nozzle size before and after 
hardening, there was only a significant size difference in the 
case of 50 mm/min feed rate. No difference in size was 
notable for the other feed rates. The samples with 50/75/100 
mm/min gave the best hardness values as illustrated in Fig. 
9. It can be concluded that 75 mm/min is the optimal feed 
rate: no melt occurred and maximal hardness values are 
achieved. At the starting/ending position of the circular 
toolpath the hardness exceeds well over 900 HV100. In the 
middle of the toolpath (cross section) the hardness is around 
840 HV100.  
3. Conclusion and future work 
Using a laser hardening operation, on the machining 
center itself (no unclamping, logistics, conventional 
hardening in batch process, re-clamping and re-alignment) 
an injection nozzle for injection molding is hardened up to 
above 840 HV100. It takes about 8 seconds to harden 1 
nozzle, using a simple circular toolpath strategy (feed rate 
75 mm/min). This Unimax steel is used frequently as a tool 
steel and is usually conventionally hardened up to 52 HRC 
(540 HV100). However, because of the much higher 
cooling rate achieved in laser hardening (higher percentage 
of martensite) much higher hardness values can be 
achieved. This integrated laser hardening thus not only 
allows to harden on a machining center itself, saving time 
and being capable of tailored hardening (only zones prone 
to wear can be hardened), but it also succeeds in achieving 
higher hardness values which will result in improved die 
and mold lifetimes.  
Since the laser hardening process is highly flexible, it 
should now be optimized to reach optimal hardness values 
in the upper surface, while maintaining high toughness 
values in the core material. Injection molding tests should 
be performed to assess the performance of these laser 
hardened nozzles, to investigate the lifetime improvement. 
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